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What?
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“Beyond the WIMP lalalalalalala”



Beyond the WIMP
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Beyond the WIMP

Go lighter!
keV-GeV
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Beyond the WIMP
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Theory:
Lots of activity in recent years
e.g.. Asymmetric dark matter [Kaplan, Luty, Zurek, 2009]
SIMPs [YH, Kuflik, Volansky, Wacker, 2014]

Forbidden dark matter [Griest, Seckel, 1991; D’Agnolo, Ruderman, 2015]
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Beyond the WIMP
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Experiment:
direct detection
of keV-GeV

dark matter
via superconductors
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How?
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Direct Detection

WIMP-nucleon cross section ( zb )
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What's going on?
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Direct Detection

* Looking at nuclear recoils: think billiard balls

DM DM

@ . ©
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@

_ _¢* _ (mpmv)®
ENR — m ~ T omn ;:'L Eth ~ keV
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Direct Detection

* Looking at nuclear recoils: think billiard balls

light dark matter
doesn't have enough punch
to kick the heavy nuclei
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Direct Detection

* Light dark matter: scatter off electrons!

DM

.\ /0
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Direct Detection

* Light dark matter: scatter off electrons!

Kinetic energy available: Ep ~ Impyuvdy ~ 10™%mpy

mpyv ~ MeV = Ep ~ eV mmm)  electron ionization,
semiconductors

_ ducti ,

E 4 w [Essig et al 2012;
‘\‘ﬁ/ \ 2 Graham et al 2012;
I | : Xenon10 data:

\ﬁ___.__/ @ Essig et al 2012]

> K

Xenon: ~12 eV Ge, Si: ~eV
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Direct Detection

* Light dark matter: scatter off electrons!

Kinetic energy available: Ep ~ Impyuvdy ~ 10™%mpy

mpy ~ MeV = Ep ~ eV =) electron ionization,
semiconductors

mpum ~ keV = Ep ~ mili-eV === @
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Direct Detection

* Light dark matter: scatter off electrons!

Kinetic energy available: Ep ~ Impyuvdy ~ 10™%mpy

mpyv ~ MeV = Ep ~ eV mmm)  electron ionization,
semiconductors

mpm ~ keV = Ep ~ mili-eV =) Suyperconductors!

[YH, Zhao and Zurek, PRL 2015;
YH, Pyle, Zhao and Zurek, JHEP 2016]
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Kinematics

Target at rest: Ep ~ 5
e Target = N: Gmax ~ 2/4UDM ~ 2MpDMUDM

Even for o ~ eV, only mpy ~ O(100's MeV) detectable

* Target =e: mpum ~ keV m) [Fp -~ 1076 eV

mpy ~ MeV =) FEp ~ eV  [seminconductors]

Even o, ~ meV won’t allow sensitivity to keV DM
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Target w/ velocity:

mpm > mr-

mpy < mrg :

Kinematics

—‘2

ED ~ (EmT T (1-!7‘ ??T) + 0

DM barely affected

vr — vr + 2vpm

Ep™ = imy [(vr + 2vpm)* — vF]

Target can fully stop the DM

Ep™ mDM’UDM

op ~meV for mpyu ~ keV |
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Kinematics

Target w/ velocity: Ep ~ (i +q - -?E’T) +9

2mT

7

Fermi-degenerate materials
have velocity!

Focus on superconductor targets.
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Superconductor Cheat Sheet

* Ground state of superconductor = Cooper pairs;

Binding energy (gap) A < mili-eV
e The idea:

DM scatters with Cooper pairs, deposits enough energy,

breaks Cooper pairs, creating excitations = detect

om @ om@

AN o
' excitation
excitation
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Superconductor Cheat Sheet

For energies exceeding the gap, scatter with free electrons in
a Fermi-degenerate sea (“coherence factor” - 1)

Ram an electron, create excitations which random walk until
collected by e.g. a Transition Edge Sensor (TES)

Heat calorimeter

V'S

R TESs used 1o
detect microwaves and x-rays
in astro applications
(e.g. ACT, SPT, SuperCDMS)

4
T

YH @ sub-eV, Dec. 2016



Superconductor Cheat Sheet

* Current status? Not there yet
TES |T. [mK]|Volume [pm x pm x nm]|{Power Noise [W/v/Hz||o%" [meV]|o54¢ [meV]
W [3] 125 25 x 25 x 35 2.72 x 10718 / 120 1.1
Ti [5] 50 6 x 0.4 x 56 2.97 x 1072 47 22
MoCu [6]| 110.6 100 x 100 x 200 4.2 x 10719 \ 295.4 0.3
R

* Need to beat noise

* Energy resolution op o VT3V === Reduce temperature

and volume for
O(meV) resolution

(See talk by Matt Pyle tomorrow)
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Superconductor Cheat Sheet

* Current status? Not there yet
TES |T. [mK]|Volume [pm x pm x nm]|{Power Noise [W/v/Hz||o%" [meV]|o54¢ [meV]
W [3] 125 25 x 25 x 35 2.72 x 10718 / 120 1.1
Ti [5] 50 6 x 0.4 x 56 2.97 x 1072 47 22
MoCu [6]| 110.6 100 x 100 x 200 4.2 x 10719 \ 295.4 0.3
R

* Need to beat noise

* Energy resolution op x VT3V === Reduce temperature

and volume for
O(meV) resolution

( Volume: 25pum x 6pm x 35nm , Operating temp: T, ~ 10mK )
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Detector Concept

Basic device idea:
Large exposure but
high energy resolution
= excitation
concentration

(E.g. SuperCDMS)

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

Absorber 2
Collection fins=>

TES 5mm

Design by Matt Pyle
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Detector Concept

Basic device idea:
Large exposure but
high energy resolution
= excitation
concentration

To be efficient:
absorber size of order
elastic scattering
length
+

long-lived excitations
travel ballistically

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

5mm

Design by Matt Pyle

YH @ sub-eV, Dec. 2016



Detector Concept

e Excitation lifetime of
order a milisecond

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

e With velocity 107%¢,
plenty of time to
random walk and
get absorbed before
recombine

5mm

Design by Matt Pyle
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Detector Concept

Comments:

Low energy deposits:

gapless absorber
such as a metal

But better -- metal in
superconducting
phase:

— gap controls the
thermal noise

— makes excitations
long lived > easier
to collect

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

5mm

Design by Matt Pyle
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Detector Concept

Comments:

Initial excitation =2
60% quasiparticles,
40% athermal
phonons

Design for collection
of either

. Superconducting Substrate (Al)

Insulating layer

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

5mm

Design by Matt Pyle
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| Quasiparticle Detector |

Athermal Phonon Detector

Number of Detertors

(il L

=L

Alvmimim Absorber

Tantalum Ahsorber

Absorber Volume

5 x5 x5 mm"

5% 5% 5mm°

Excitation Scattering Length = 5 mm (> 2 mm [12]) = 5 mm
Excitation Lifetime 20 ms (> 2 ms |33]) 1.2 ms
(1250 surface bounces)
j A— Fraction of Recoll Energy in ~ 505 ~ D55,
Excitation System (all QF have recombined [33])
Charactensztic Group Velocity ~ 2 x 1073 Lo
Tungsten QF Collector Aluminum Phonon Collector
Acalloct Total Area of All Collection 12 = 2325 _HI!]]E 2 0.2lmm>
Fins on a Detector
heolloot Thickness of Collection Fins ~~ 150 nm ~ B nm
Jirap Excitation Trapping Fraction 0.1 0.5 [51)
Tealloct Excitation Collection Time 3 ms TOD s
Focllost Excitation Collection Efficiency BT 63%
T Remein Fraction of Potential Energy ~ .90 0.60 = 0.65

Remaiming After Collection

Tungsten TES

Tungsten TES

TETES
TED

Mumber of TES per detector

Total Volume of all TES
on a detector

Tran=ition Temperature

Heat Capacity

Mmenzionless Sensitivity

Bias Power

Total Power Noise

Sensor Fall-Time

Collector to TES Efficiency

TES Energy Resolution

Detector Recoll Resolution

oE TES /( fE Romain feolloct feasende )

Energy Threshold (6 cen)

&

6 Lpm x 20pm x 353nm

9 mk

1.0= 1074 J/K

30

7.0 % 10720 W

4.4 %= 10722 W/ /Hz
10 ms

l

0.3 meV
0.6 meV

3.9 meV

2

23 Lparn ¢ 2000 x 35nm

9 mK
4.0 = 10
30
28« 10
28 =10
10 ms
0.74

0.2 meV
0.7 meV

B 1K

) W
) W/ 1m

4.2 meV




Detector Concept

Comments:

. Superconducting Substrate (Al)

Insulating layer

* |nitial excitation =2
60% quasiparticles,
40% athermal
phonons

. TES and QP collection antennas (W)

. SuperConducting Bias Rails (Al)

* Design for collection
of either

* Proof of concept

5mm

Design by Matt Pyle

YH @ sub-eV, Dec. 2016



Rates
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Rates

Scatter off electrons in Fermi-degenerate metal — Pauli blocking

\ / DMPI\/pB DM
w I Ep ~ 10 eV i(ED,\qD
e e

<ne O Urel ) —

Bps (M)
/ (27)3 16 E, B, E3 B, S(Ep,|dl)

3 3,
S(Ep.Jal) = 2 / T12 O (o yi53 (P 1+ Py — Py — P)) x ful Ea)(1— fo(Ey)

(or ) (am)? U
: : o $—d Fermi-Dirac
PGU'I blOCklng e ﬁ ~ J.[] distribution
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light
mediator

heavy
mediator

~

dR/dlog, Ep [yr kg ']

Rates

Signal rates

1
1
1

&

-

]
pp—

'3
'
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= ———

i 100 MeV DM

Lol Lo
1072

Recoil energy Ep [eV]
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Low
momentum
dominates

T

lomaeay

_ 2
g = 2 )2 JU'E:X

a2
(m¢ q

|

Pauli blocking
dominates

~

dR/dlog, Ep [yr kg ']

Rates

Signal rates

\
1]
1
I

iy

-

'3
'
-
= ———

i 100 MeV DM

Ll R EET!
1072
Recoil energy Ep [eV]
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Results
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Reach

Massive mediator
N R R

1
1
1
1
1
| ]
1
L ]
1

—43E Ly R N B N B
107° 107> 1074 1073 1072 0.1 |

Superconductors with mx[GeV] kg-year reach

1 meV or 10 meV - heavy 16Taeax o

threshold pp " T TnaT Hex
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Reach

B Light mediator
10_33% | T ' ".;""'I T T
10—’%4 \ ]

10—'%’5_
10—"»6

NE 10737¢
9, 10-38]
- -
zbg 10_39§
10740,
10—41
1042

) T Y B T ]
107° 107 1074 1073 1072 0.1 |

Superconductors with my|GeV] kg-year reach
1 meV or 10 meV _light  16maeax
threshold 7DD T Tgr T HeX

Jref = HeXUX
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Absorption vs. Scattering

Not only DM scattering — sensitive to DM absorption too
(Any target!)

‘\/‘ ‘\ % phonons

1, 2 —6, . .
Ep ~ smpyvpy ~ 107 mpy Ep ~ mpm

Absorption sensitive to much lighter DM masses

(see talk by Tongyan Lin on Friday)

YH @ sub-eV, Dec. 2016



Absorption

Relate to optical properties of a given material

10 | Aluminum
F optical

2 o e
10° £ conductivity

Z 10}
S0
-1
107" ¢ , == Normal 3
! ——  Superconductor |1
1072 Lau R el R ——
103 1072 10-1 107 10°

w [eV]

[YH, Lin and Zurek, PRD 2016]
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Absorption

Hidden photon dark matter

Stellar constraints
(Stuckelberg case)

]U—l{} |
XenonlD |
10-12 |
1014 \ /'1?:
1016 :
— 1 kg-day
" m— | kg-vr
- - 102 101 100 10! 102
my [eV] K

Kinetically mixed hidden photon v+ ANANANAXNNNN AF

[YH, Lin and Zurek, PRD 2016]
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Superconductors are super awesome.



Downside?
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Metals are shiny

In-medium effects are substantial — photon picks up mass.

If kinetically-mixed hidden photon mediator:

2.2 9 9 9 )
(|M|2) ~ lﬁme;n.xgxe € In-medium
_ IRV 2 . .
(¢2—m%)"(1- 1. /lal?)”  polarization tensor
avavs
In—medium polarization tensor In—medium polarization tensor
1021 w=10meV : w=10eV ’,7("—":::;.\\
Im ,l/ ll' \“‘ ,", \ \\\
= 10, > R VN
) [ Q ’ 1 '.,' \ RS
24, [ = & } & Im } Y B
: 1 : // E : i \\
E ’ ] 1 N,
= =1 v d n :
0.1 | P g
F ’I 1 1 1
g /,, i = i \\
10_23 ] é i i 1
1 | | 0.1 1 H : 1
0= Gi 1 10 102 10* 10* 10° 10? 10° 10* 10°
q[eV] q[eV]
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Kinetically mixed hidden photon

Light hidden photon mediator

10—28

' XenonlO

10—30

[a—

=
Lad
I

[cm?]

[a—

=
Lad
=

¥
I
I
[

-~

DD

[—

<

Lad

[y

o Fi
¥

7/

10—38

10_49 L et e L L
1074 1073 1072 0.1 1

Absorber with reduced my [GeV]
OPTICGI response Ejhghtfheavy _ Erllghtfheavy

would be better bb — bb (
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Semimetals =~ 3D graphene

==
=

¥ Cd;As,

|D> + ek D>

B'AgZTe . H gTe

= (Pb.Sn)Te -@

NoiBi

Bi2$e3

*

2 60

90

[Dolui and Das, 1412.2607]

Topological properties

Semimetals for light DM -- works in progress:
YH, Kahn, Lisanti, Neaton, Zurek....;
Grushin, YH, llan, Zurek
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Optical response (‘photon mass’)

In—medium polarization tensor

In—medium polarization tensor

2 _ i _ .-"'-"“\ 1
10 F o= 10 meV meTal w=10 eV ,"?*. y ,--q-\ﬁ:h me’ral ]
_ = — 7SR VAN
> ; = AR N
V] w (f' 1 :: ) \\‘
ﬁ ﬁ ]. ,J’ E I..[ Im 'I‘ \\\ -
= E = o !
= = Re,/” P i ™
N ) —_— ',',r i i i \\‘\
’J : 1 |I .,
i 1 I 1 .
1 1 1 \‘ J
] i 5 »
1072 0.1 1 10 100 100 10 10° 10 10° 10* 10°
qleV] q[eV]
Semimetal, minus band undoped Eg=0, w=10 meV Semimetal, minus band undoped EF=0, w=10 eV
: : : 1000 : :
. i . Re
o Semimetal _ ol Semimetal |
% = 1o§ l
., 0.100 | £ :
E B |
= — i
0.100} ]
0.001 1 g
0.010} |
,5 . | | 0001 | L L L L
101074 0.01 1 100 104 1 10 100 1000 10* 10°
q[eV] q[eV]
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Summary

Proposed new class of detectors using superconductors

Sensitive to O(meV) energy deposits 2
keV dark matter via scattering
meV dark matter via absorption

R&D to lower noise such that O(meV) energies are
detectable. (Port over everything being done now for
semiconductors.)



Prospects

Superconductors (e)

WIMP program
(N)

Ep> meV

keV MeV GeV
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Prospects

4 electron-ionization,
semiconductors (e)

XenonlO data

Superconductors (e) Graphene (e)

Scintillators (e),

Superfluid Helium Chemical bond breaking WIMP program

(N)
(N) 4 (N) }
< >
Ep> meV Ey>eV
| |
| |
keV MeV GeV

[YH, Zhao, Zurek 2015; YH, Zhao, Pyle, Zurek 2015; Schutz, Zurek 2014;
YH, Kahn, Lisanti, Tully, Zurek 2016; Derenzo et al 2016; Essig et al 2016]
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Prospects

4 electron-ionization,
semiconductors (e)

Semimetals? (e) XenonlO data

Superconductors (e) Graphene (e)

Scintillators (e),

Superfluid Helium Chemical bond breaking WIMP program

(N)
(N) 4 (N) ,
< >
Ep> meV Ey>eV
| |
| |
keV MeV GeV

[YH, Khan, Lisanti, Neaton, Zurek...; Grushin, YH, llan, Zurek;
works in progress]
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Thanks!
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Backup
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Quasiparticle Detector |

Athermal Phonon Detector |

Number of Detectors

750

Aluminum Absorber

Tantalum Absorber

Volume
Excitation Scattering Length
Excitation Lifetime

Fraction of Hecoil Energy
in Excitation System
Characteristic Group Velocity

5% 5 x5 mm’

> 5 mm (> 2 mm [31])
10 ms (> 2 ms [32])

~ BOYE

~ 2 1073

5 x 5 x 5 mm®

= O mm

1.2 ms

(1250 surface bounces)

~ 05%

(all QP have recombined [32])
1—>

Tungsten QF Collector

Aluminum Phonon Collector

Number of Collection Fins

6w 2

2w d

Acollect Total Area of All Collection Fins | 12 x 400 pm? 2 % 0.21mm?
heallect Thickness of Collection Fins ~150 nm ~ 000 nm
firap Excitation Trapping Fraction 0.1 0.5 [50]
Teollact Excitation Collection Time 3.4 ms 700 s
feollent Excitation Collection Efficiency | (.75 0.63

Fraction of Energy ~ .50 0.60

Remaining After Collection
Tungsten TES Tungsten TES

Number of TES 6 1
Vres Total Volume of TES 6 1pm = 24 pm = 35nm 2% 1pm x 24pm = 35nm
T. Transition Temperature 0 mK 0 mK
CrEs Heat Capacity 1.2 x 1017 J/K 4.0 x 1018 J/K
o Dimensionless Sensitivity 20 20

‘.,.-":.Sp.ml (0)
Teff

OE, TES
OE.D

Bias Power

Total Power Noise

Sensor Fall-Time

Collector to TES Efficiency
TES Energy Resolution
Detector Recoll Resolution

B3x102W

4.9 x 10722 W/ Hz
10 ms

1

0.4 meV

0.9 meV

28 x 1072 W

2.8 x 10~ W/+/Hz
10 ms

0.74

0.2 meV

0.8 meV




Backgrounds

Coherent v Scattering + Radiogenic Backgrounds

10°
— Al
——He
10° — Ge
.:10‘
-
o
§1n°

9,0EL [
o

dRdlo
5

.......I-z. .......l-'.| j ..|....|u i .......I-I i .......Iz i i
10 "hecoil EIr?ergy [9\1!? 10
1meV — 1eV: less than 1 event/kg-yr
10meV-10eV: 3 events/kg-yr
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Pauli Blocking

Participating electrons for Ep™"*

e

M sseatisn] He total
]
=
[

0.001.

1074

00 i0s

10* 0001

my [GeV]
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Constraints

Self-interactions of dark matter
Stellar emission of light particles

Kinetic decoupling @ recombination
Neff

Terrestrial: beam dump, (g-2), low energy machines,

YH @ sub-eV, Dec. 2016



Kinetically mixed hidden photon

. Higgs mechanism for light dark U(1)p

1034F
103
1073k
& 10737k
5107
o 1077
<§ 1{]—4{};_
10-41F
1042}
108 -8
10—445 NS LS L
10-6 10> | 10-3 1072
Absorber with reduced my [GeV]

OP*'CGI response ~light /heavy __ ~light /heavy Qref 1
would be better DD = “pD % keV

YH @ sub-eV, Dec. 2016
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Kinetically mixed hidden photon
Massive kinetically nuxed U(1)p

', Xenonl0O

gC 1Y

e -

ﬂﬂﬂﬂﬂﬂﬂ

- .-l'""‘
- —

iy e

10~}

T N AR
10 106 1072

[cn
[ a—
S
L
[#=]
T T T T T T T

(S

0% 1020 102 01

Absorber with reduced x| GeV]
optical response ieht hemvy — Tioht Mhese Gref \
would be better Grent/heavy — glight/heavy (k;f)
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Milli-charged DM

Milli—charge
10_5 R | SRS KRR |
; Dec. @ Rec.

10—6

1077

10-8 }

. SN »\‘ XenonlQ
10 ‘\\ \\
\ \\ e
N So = POt i
O 10_10 b \\\
‘\
\\
107113 AN q
N sc1=2
AY
10—12 Es . “‘\ N v "-J"
el Ge \‘\ \\~~ SC \P—??‘.‘:-: """
10-13 U ;
- RG \‘eq.a;,.’/’
1071+ S
10—15 il | | A”I,, il
106 1073 1074 1073 1072 0.1
my [GeV]
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Concentration & Collection

# bounces until collected = “Aabsorber __1
-41:-:-1121:1, ftrap

Toolloct = 4Vabsorber 1
p =
e <|1’|}Acd]ect f trap

Tife
Tife + Teollect

excitation collection efficiency = feollect =

_ 3/2
ne = L) o = vp /()
Y

macroscopic correlation length, “micron

YH @ sub-eV, Dec. 2016



Some Constraints

e Self-interactions: T <1-10 em?/g

my

2 ;
light 167y, . o 2Zmgox

~2 1
T qug{ - I mx 02 <
o f¢ 1/2 .
\light g mx 32 v 2 58 ! 5 _ 2mgax
(ax)sipy £ 4% 10 (ke‘vr) (1{]—4) In /-1 P mxv?
* Decoupling @ recombination:
1/2
ro_ - 8V2mnpax appiyy | 3T Acut -
=2 g NGTs e S Hlpr
b—e X B X
P T=T
light 19 '??1}{/{ Zb:ﬂbp HbX 50
(ﬂ'xﬂf)l{lin. dec. < 10 ( kE"lefg E
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Some Constraints

e Stellar: gbrem < 1.3 x 1071 [HB]

(trapping in supernova releases g. >107° )

Kinetically mixed hidden photon 105 eV < my <ev \

Higgstrahlung : € (qf]”fx) < 8x 10~ [HB],

. T Ar :
Resonance conversion : € ( {i ) <4 x 1072 [Sun], /
c

YH @ sub-eV, Dec. 2016



Talk by Sunil Golwala @ LBNL, June 2015 -- MKIDs

What About Direct Quasiparticle Creation?

qp collector

. KID KID top layer
Long scattering length insulator - insulator [N KID botiom layer
superconducting crystal:
's diff superconducting superconducting
qps dirfuse crystal crystal

Architectures:

KID on insulator, gps collected via thick superconducting film

Technically straightforward to imagine a design:
Avoids having to deal with operating KID on superconductor

Requires good trapping: gps from crystal into collector film, from collector film into KID
Problem: fast trapping require large A ratio; large A ratio — lots of energy lost to phonon emission

Maybe still ok if just interesting in counting substrate qps (still can get meV threshold)
KID on crystal
Need to avoid short-circuiting KID: microstrip structure?
Film needs to be thick to avoid being proximitized by crystal (Axip pulled to Acrystal)

No obvious advantage over phonon mediation for NR detection

Phonons already provide sensitivity to meV scale

KIDs are already pair-breaking detectors: insensitive to sub-gap phonons in principle

But definitely interesting for electron scattering

Berkeley VWorkshop on DM Detection 22 Sunil Gohala




Xenonl0 data

Sub-GeV dark matter -- look for electron ionization signals

ID_34 -
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[Essig, Mardon, Slone, Volansky, 1608.02940]

Chemical Bond Breaking

Hs-like Molecule
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Carbon Nanotubes for WIMPs

[Capparelli et al, 1412.8213] [Cavoto et al, 1602.03216]
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Theory: example #1

 Weakly coupled 2> 2:

ﬂ.ﬂ
e )~ E el
DM thing mpym ~ o X 30 TeV

[Pospelov, Ritz, Voloshin 2007;
Feng, Kumar 2008]
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Theory: example #2

e Asymmetric dark matter:

— DM i
Y \( thing

DM thing

mpy ~ D GEV( nBTB )

DM —TERT
[Kaplan, Luty, Zurek, 2009]

YH @ sub-eV, Dec. 2016



Theory: example #3

SIMPs: n—=> 2 self-annihilations

DM

DM

DM\

DM

39 2 ‘ mMpn ™~ Qeg X 100 hIEV

[Carlson, Hall, Machacek, 1992;
YH, Kuflik, Volansky, Wacker, 2014;
YH, Kuflik, Murayama, Volansky, Wacker, 2015]

MpM ~ & (T;;_lflfpl)lfﬂ

DM

See also elastically decoupling dark matter (ELDERS)

[Kuflik, Perelstein, Rey-Le Lorier, Tsai, 2015]
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Theory: example #4

 Forbidden channels:

DM thing,
l mpwy ~ @ X (30 TE“."r
DM thing, /I/—‘ 2

freezeout mass
temp’ difference

2mpy < Myhing, + Mihing,

[Griest, Seckel, 1991;
D’Agnolo, Ruderman, 2015]
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